We report on an ytterbium-free erbium-doped aluminophosphosilicate all-fiber laser, producing an output power of 25 W at a wavelength of 1584 nm with a slope efficiency of 30% with respect to the 976 nm absorbed pump power. The simple cavity design proposed takes advantage of fiber Bragg gratings written directly in the gain fiber. The single-mode erbium-doped aluminophosphosilicate fiber was fabricated in-house and was doped with 0.06 mol.% of Er 2 O 3 , 1.77 mol.% of Al 2 O 3 and 1.04 mol.% of P 2 O 5 . The incorporation of aluminium and phosphorus into the fiber core allowed for an increased concentration of erbium without inducing significant clustering, while keeping the numerical aperture low to ensure a single-mode laser operation.
Introduction
The 4 I 13/2 → 4 I 15/2 transition in Er 3+ ions can be exploited for a wide variety of applications, as its corresponding emission around 1.6 µm matches the "eye-safe" region of the electromagnetic spectrum [1] as well as the high-transmission window of both silica fibers and the atmosphere. Among such applications belong light detection and ranging (LIDAR) [2] , spectroscopy and optical wireless communication systems [3] . Laser sources emitting around 1.6 µm can also be used to pump cavities that emit further in the infrared region of the spectrum [4] . Monolithic all-fiber lasers are greatly suited to these functions as they provide high quality beams through robust and compact setups. It has however been proven difficult for such lasers to achieve high efficiency for direct diode pumping schemes, mainly due to the corresponding small absorption cross section of erbium as well as the occurrence of concentration quenching at high concentration [5] . To date, the most powerful diode-pumped erbium-doped silica fiber laser was demonstrated by Lin et al., who reported on a 656 W erbium-doped fiber laser yielding an efficiency of 35.6% with respect to the launched pump power at 0.98 µm [6] . However, the setup used was not all-fiber and used a multimode fiber yielding a poor beam quality (M 2 ≈ 10.5).
One of the commonly used solutions to increase pump absorption in erbium-doped fiber lasers is to integrate ytterbium as a codopant in the fiber core. For instance, Jebali et al. demonstrated an in-band pumped monolithic Er-Yb codoped fiber laser reaching 264 W of output power at 1584 nm with an efficiency of 74% with respect to the 1525 nm pump power [7] . Similarly, Jeong et al. reported on a 297 W Er-Yb codoped fiber laser emitting at 1567 nm and yielding an efficiency of 21% with respect to the launched pump power at 975 nm [8] . The incorporation of ytterbium as a codopant has, however, the effect of increasing the refractive index of the core, meaning the beam quality can be compromised if the core area is not reduced. Besides, parasitic emission around 1 µm coming from Yb 3+ ions frustrates the use of such lasers [8] . Another method to increase laser performances, by reducing clustering of erbium ions in the fiber core, is to use aluminum or phosphorous as a codopant [9, 10] . Those elements, either by forming a solvation shell around rare earth ions -as is the case for phosphorous -or by increasing the entropy change of mixing -as is the case for aluminum -hinder the formation of clusters and prevent the emergence of detrimental pair-induced quenching [11] . However, several problems may arise from the use of such codopants, like an undesired increase of the refractive index of the core, or radiation induced attenuation [12, 13] .
A method to overcome those limitations is to use both aluminum and phosphorous as codopants in equimolar proportions. By doing so, AlPO 4 structures are specifically formed inside the fiber core [14] . Those units have a structure similar to that of pure silica and thus preserve the refractive index of the core closest to that of the pure silica cladding, which allow for obtaining low-NA doped fibers. Furthermore, the formation of AlPO 4 units allows an increased concentration of rare-earth dopants, owing to the ability of strongly polarized Al-O-P bonds to screen the positive charge of rare-earth ions [13] . With this technique, in conjunction with the high efficient Yb system, Liu et al. achieved a 3.03 kW laser output with a slope efficiency of 76.6% at 1080 nm when pumping at 976 nm [15] . This ytterbium-doped laser provides a near single-mode beam quality (M 2 ≈ 1.58) and a low numerical aperture (NA ≈ 0.065). Jebali et al. have also successfully applied this codoping technique in the case of their high-power erbium-ytterbium laser [7] . This approach has also been applied for an ytterbium-free erbium fiber laser by Kotov et al., who demonstrated a record-high laser slope efficiency of 40%, yielding an output power limited to 7.5 W [16] . In this demonstration, the fiber had a squared-shape cladding of 80 µm in diameter, which imposed the use of a tapered fiber to efficiently couple the pump beam, which limits the power scalability. Also, the fiber used was co-doped with 1.5 mol.% of germanium-oxide, in addition to 9 mol.% of both Al 2 O 3 and P 2 O 5 , and 0.1 mol.% of Er 2 O 3 .
In this paper, we present the laser emission capabilities of an erbium-doped aluminophosphosilicate (Er 3+ -APS) all-fiber laser operating at 1584 nm, with an appropriate design for power scaling. Pumped by a commercial 976 nm laser diode and bounded by a pair of intracore fiber Bragg gratings (FBGs) written directly in the gain fiber, the cavity proposed provides a single-mode output signal, yielding 30% of efficiency with respect to the absorbed pump power. Numerical modeling confirms that the integration of aluminium and phosphorus into the fiber core significantly reduce the clustering and thus restrain the event of concentration quenching.
Fiber fabrication and properties
A silica glass preform was fabricated in-house using the MCVD technique. A porous silica layer was deposited on the inner surface of a substrate tube (Suprasil-F300, outer diameter 25 mm, inner diameter 19 mm, from Heraeus). Doping was performed with the solution doping process, using erbium and aluminum inorganic salts as precursors (ErCl 3 Phosphorous and aluminum were incorporated in appropriate quantities in order to obtain an almost equimolar ratio inside the fiber's core. An equimolar proportion of aluminum and phosphorous favors the formation of AlPO 4 structures. An excess of either aluminum or phosphorous, while not being strictly detrimental to the fiber's performances, is not as efficient to limit the formation of erbium clusters [13] .
The preform was polished on two sides into a "double D" shape to favor pump absorption by inhibiting the propagation of poorly interactive circular modes [17] . The cladding to core aspect ratio was optimized to improve pump absorption while retaining a single-mode operation at the wavelength of emission (i.e. 1584 nm).
Fiber characteristics are summarized in table 1 and are compared to our previous work, while the fiber cross-section is depicted in Fig. 1 . Cutoff values were measured using the bend reference technique, attenuation measurements were obtained via cutback, and the numerical aperture was calculated from the measured cutoff and core size values. The percentage of paired ions was estimated by the numerical model described in section 3 hereafter. It can be observed in table 1 that clustering is significantly reduced in the aluminophosphosilicate fiber -the amount of paired ions remaining around 4% -even for a relatively high erbium ion concentration of 0.06 mol.%. In comparison with our previous work [17] , erbium concentration is doubled while clustering is halved and the numerical aperture is kept low, which is enabled by the aluminum-phosphorous codoping. The results of Fig. 2 suggest that the incorporation of aluminium and phosphorus in the fiber core do not substantially change the lifetime of the 4 I 13/2 excited level or the cross sections of Er 3+ ions, since the curves follow what has been previously documented in literature for Er 3+ ions in pure silica glass [18] .
Numerical modeling
The characterisation of the chemical and optical properties of the fiber drawn enabled us to perform numerical simulations following the ones described in ref. [17] in order to predict the optimal length of the active fiber and the optimal reflectivity of the output coupler. The signal output power at 1584 nm as a function of the fiber length and the output coupler's reflectivity is presented in Fig.3(a) . The graph is obtained for an injected pump power of 120 W at 976 nm, which corresponds to the maximal output power of the diode available for the experiments. The value used for the input coupler's reflectivity is 99.9%. Fig.3(b) presents* the slope efficiency with respect to the absorbed pump power for the same conditions as described for Fig.3(a) . The simulation results presented in Fig.3 give good insight on what to do for an optimal cavity design. Both graphs sketched in Fig.3 suggest that the best suited LR-FBG has the lowest reflectivity possible. This means that between 5 and 45 m, the cavity is long enough for the single-pass gain to yield the highest output power possible. The results presented in Fig. 3(a) also suggest that in order to reach maximal output power, the length of active fiber should stand between 25 and 30 m.
Experimental setup
The schematic of the Er 3+ -APS all-fiber laser is depicted in Fig. 4 . A 976 nm laser diode (nLIGHT element e18) provides the pump signal through a 105/125 µm silica fiber (NA=0.22). The pigtail of the pump diode is joined to the Er 3+ -APS fiber by means of a multi-mode splice performed by a Fujikura arc splicer (model FSM-100P). The active fiber of 28.5 m is bounded by a pair of intracore fiber Bragg gratings, written by femtosecond inscription at 800 nm through the polymer coating [19] . Some high index polymer is applied at the end of the cavity along with a 10 cm length of uncoated fiber as a way to strip any residual pump power propagating through the cladding. The output fiber's tip is also cleaved at a 6°angle to prevent parasitic lasing. It should be noted tat the Er 3+ -APS fiber was found to be significantly more photosensitive than the similar designed fiber solely codoped with Al 2 O 3 [17] . This allows for the inscription of high performance FBGs, as shown in Fig. 5 . Such photosensitivity level could lead to the fabrication of more complex and active FBG structures, such as DFB fiber lasers [20] .
Results and discussion

Laser performance
The output power of the laser signal generated at 1584 nm is presented as a function of the absorbed pump power at 976 nm in Fig. 6(a) . The experimental results are sketched alongside the theoretical ones obtained from the numerical simulations described previously in section 3. The spectrum of the laser signal at three different output powers is also shown in Fig. 6(b) . The beam quality of the output signal was measured using an automated bench test (Ophir, Nanoscan). The results are presented in Fig. 7 and confirm the single-mode operation regime of the laser at 1584 nm (M 2 < 1.1). Fig. 8 presents the laser output power obtained when a constant pump power of 100 W was injected into the cavity for several hours. The results confirm the laser's high stability. 
Experimental validation of the numerical model
On top of the fiber laser described in this paper, four experimental cavities were built in order to test the numerical model's accuracy. They were all constructed with different fiber lengths and were all bounded by a 99.9% input coupler (HR-FBG) and a 4% output coupler provided by Fresnel reflection from a straight end cleave. The signal output power was measured for each cavity for an injected pump power of 120 W. Fig. 9 . Output power at 1584 nm as a function of the fiber length for an output coupler of 1 and 4 %. Solid lines represent simulation results, while dots account for experimental data.
Conclusion
In conclusion, an ytterbium-free erbium-doped aluminophosphosilicate fiber laser is reported. This single-mode all-fiber laser produces over 25 W of stable output power with an efficiency of 30% with respect to the absorbed pump power provided by a commercial 976 nm diode. The incorporation of aluminium and phosphorus in the fiber core allowed for an increased concentration of erbium (0.06 mol.%) while keeping both the ion clustering and the numerical aperture to a low value estimated to 4% and 0.06, respectively. The results show that an optimized fiber recipe based on AlPO 4 would allow for the power scaling of 1.6 µm fiber lasers to many hundred watts in single-mode operation.
